Résumé.-Les études récentes par diffraction neutronigue de l'effet de surface sur le ferromagnétisme sont présentées. Les nouvelles propriétés physiques observées dans les films à surstructure artificielle ont attiré tant les théoriciens que les expérimentateurs. L'étude magnétique de ces films par neutrons polarisés est l'objet principal de ce papier. De plus, plusieurs applications des neutrons polarisés pour l'étude de l'effet de surface sont présentées.
INTRODUCTION.
The present paper reviews recent neutron scattering studies on the effect of surfaces and/or interfaces on ferromagnetism. Since thermal neutrons penetrate deeply inside most materials, neutron scattering may not be the best tool for the studies exploring surface phenomena. However magnetic studies using neutrons, in particular polarized neutrons can afford us direct knowledge of how the magnetic moment behaves both in space and time. Therefore if one overcomes experimental difficulties not only of above mentioned disadvantage but also of weak scattering intensity compared with that of the photon scattering, polarized neutrons are believed to be still a very powerful probe for the study of surface magnetism.
Most recently the change of bulk properties in so called artificial superstructure films (ASF) have attracted much attention. The modifications of the physical properties, particularly the magnetic properties near the surface overlayered with other non-magnetic materials are so substantial that novel physical features are expected to appear /l/ and actually are realized. The ASF also known as compositionally modulated films, consists of regularly or coherently stacked bilayers of (A-B) type, where A is ferromagnetic and B is non-magnetic for instance 1 ? which eventually gives rise to the regular stratified structure. At each interface of ferromagnetic layers of A there exists a surface effect varying with contacting overlayered element of B. Applying simple kinematical theory of neutron diffraction to the study of such ASF we could present the observation of the spatial magnetic density distribution within the magnetic layers /2/. If one uses
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982724 an ASF consisting of enough bilayers to measure by the standard neutron diffraction method, one can detect the magnetization distribution which theoretists find as the results of their model calculations. Fortunately the current techniques of ultra high vacuum deposition provide us such ASF of the high quality necessary for neutron diffraction studies.
Since we have already described the principles and essentiatl problems facing the experiments /2-4/, we just summarize the recent results of neutron diffraction experiments. We will briefly discuss the significance of polarized neutron studies on this particular problem. We will also present other applications of polarized neutron experiments to the surface magnetism using ultra fine particles /5,6/ and flat metal surface of magnetic materials / 7 / .
POLARIZED NEUTRON DIFFRACTION FROM ASF
Materials of such ASF have been produced in several places mostly by means of ultra high vacuum deposition. The thickness of bilayers is in the range of several nm to 10 nm, and the number of bilayers, n, is from -100 to -1000. In order to produce a sample with uniform and sharp interface boundaries, the evaporating rate is controlled to be constant and substrates are sometimes cooled preventing interdiffusion at the interface. In our case, the typical evaporation rate is -0.02 nm/sec in a Torr atmosphere and-the deposition temperature is 200-250 K.
Polarized neutron studies on such films are currently performed by several groups in both United States /8/ and Japan /2,3,4/ independently. Magnetic studies(magnetization and susceptibility measurements, ESR, Mossbauer spectroscopy, other than neutron diffractionlare carried out in many places. Although the research activities on this subject are still growing rapidly and some results are controversial, we attempt to summarize magnetic properties near the interface of magnetic layers in such films in Table 1 . As described in the preceding section, the ASF is ideally made up of perfect repetition of bilayers consisting of A and B atomic layers. The structure gives rise to Bragg reflections at scattering positions c o r r e s p o n d i n g t o t h e b a s i c p e r i o d i n X r a y o r n e u t r o n d i f f r a c t i o n . The peak i n t e n s i t y i s e a s i l y c a l c u l a t e d by t h e k i n e m a t i c a l t h e o r y o f d i f f r a c t i o n which h a s been d e s c r i b e d i n p r e v i o u s p a p e r s . / 2 , 4 / Note t h a t t h e s t r u c t u r e f a c t o r i n t h e d i f f r a c t i o n p a t t e r n s from such f i l m s h a s a l s o been given by F e l c h e r e t a l . / 8 / . They i n t r o d u c e d t h e atomic displacement from t h e average p o s i t i o n a s w e l l a s t h e c o n c e n t r a t i o n f l u c t u a t i o n , which g i v e s r i s e t o a more v e r s a t i l e form t h a n o u r t r e a tment.
Using p o l a r i z e d n e u t r o n s t h e f l i p p i n g r a t i o s of t h e s c a t t e r i n g i nt e n s i t y f o r n e u t r o n s p o l a r i z e d p a r a l l e l and a n t i p a r a l l e l t o t h e magn e t i z a t i o n y i e l d t h e s p a t i a l modulation of m a g n e t i z a t i o n along t h e d i r e c t i o n normal t o t h e f i l m p l a n e . The measurements a r e very s i m i l a r t o t h e magnetic form f a c t o r o b s e r v a t i o n , b u t t h e p r e s e n t s u b j e c t i s d i r e c t e d t o t h e d e n s i t y d i s t r i b u t i o n on a more macroscopic s c a l e i n r e a l space. The e s s e n t i a l r e s u l t s o b t a i n e d by p o l a r i z e d n e u t r o n d i ff r a c t i o n a r e a s f o l l o w s . F i r s t l y t h e modulation i n m a g n e t i z a t i o n i s g i v e n with r e s p e c t t o t h e s a t e l l i t e o r d e r . T h e r e f o r e i f t h e magnetiz a t i o n i s assumed t o be uniform throughout magnetic l a y e r s , t h e f l i pp i n g r a t i o s should be independent of t h e o r d e r of s a t e l l i t e r e f l e ct i o n s . T h e r e f o r e i f we observe d i f f e r e n t f l i p p i n g r a t i o s with r e s p e c t t o t h e s a t e l l i t e o r d e r , we e x p e c t t h e modulation of m a g n e t i z a t i o n d e n s i t y p o s s i b l y due t o t h e e f f e c t o f i n t e r f a c e s . Secondly t h e f l i p p i n g r a t i o i s e s s e n t i a l l y independent of s t r u c t u r a l d e f e c t ; t h e r e s u l t i s independent of t h e i n t e r f a c e q u a l i t y ( e i t h e r uniform o r i r r e g u l a r ) .
T h e r e f o r e i n t h i s r e s p e c t t h e p r e s e n t method h a s a g r e a t advantage, w h i l e on t h e o t h e r hand t h e i n t e r f a c e q u a l i t y seems t o be a d i f f i c u l t y i n o t h e r microscopic s p e c t r o p i e s o r t h e measurements o f bulk p r o p e r t i e s . F i n a l l y t h e p r e s e n t method y i e l d s model independent r e s u l t s of t h e s p a t i a l d i s t r i b u t i o n of magnetic d e n s i t y i n t h e f i l m s , s i n c e t h e obs e r v e d q u a n t i t i e s a r e t h e F o u r i e r t r a n s f o r m a t i o n of t h e s p a t i a l d i st r i b u t i o n i t s e l f .
I n p r i n c i p l e t h e r e f o r e p o l a r i z e d n e u t r o n d i f f r a c t i o n s t u d i e s can a f f o r d c l e a r evidence of t h e i n t e r f a c i a l e f f e c t by o b s e r v i n g t h e s p a t i a l d i s t r i b u t i o n o f t h e magnetic d e n s i t y i n t h e ASF. However we f a c e t h e d i f f i c u l t problems of t h e e x t i n c t i o n c o r r e c t i o n . / 2 , 4 / S i n c e t h e width of t h e Bragg a n g l e d i s t r i b u t i o n of t h e s u p e r l a t t i c e r e f l e ct i o n of t h e a r t i f i c i a l b i l a y e r p e r i o d i c i t y i s narrow (8 (Ad/d) , O g , Bragg a n g l e , d l spacing of t h e b i l a y e r , r e s p e c t i v e l y ) , F i e beams r ef l e c t e d by t h e s u c c e s s i v e l a y e r s a r e mostly c o h e r e n t . T h e r e f o r e t h e ASF c a n be regarded a s an ' i d e a l ' c r y s t a l , which e v e n t u a l l y l e a d s t h e primary e x t i n c t i o n t o be dominant. Although t h e primary e x t i n c i t o n c o r r e c t i o n should be t r e a t e d on t h e b a s i s of t h e o p t i c a l t h e o r y t o a n a l y s e t h e wave e q u a t i o n of t h e n e u t r o n s , /21/ t h e c o n v e n t i o n a l y approximation was a l s o found t o be very u s e f u l . / 2 / The i n t e g r a t e d i n t e n s i t y R can be g i v e n a s R -qQ t a n h (nq)
, where q, n a r e r e s p e c t i v e l y t h e s c a t t e r i n g power, and number of b i l a y e r s . S i n c e q i s p r o p o r t i o n a l t o t h e n e u t r o n wave l e n g t h X I R d e v i a t e d s from t h e l i n e a r r e l a t i o n s h i p of q w i t h i n c r e a s i n g X and n. T h i s means t h a t e i t h e r t h e X o r n-dependence of t h e d i f f r a c t i o n cons t i t u t e s a r e l i a b l e method of e s t i m a t i n g t h e e x t i n c t i o n e f f e c t . W e c a r r i e d o u t such experiments and found t h a t t h e f l i p p i n g r a t i o of t h e 1st s a t e l l i t e changes w i t h X o r n. An example i s shown i n f i g . 1. / 2 , 4 / L e t u s look a t t h e n e u t r o n d i f f r a c t i o n r e s u l t s . Although examples a r e l i m i t e d i n numbers a s i s seen i n Table 1 , s e v e r a l s i g n i f i c a n t f e a t u r e s can be proposed. The magnetic moment of Fe n e a r t h e i n t e r f a c e was found t o v a r y w i t h c o n t a c t i n g elements. Magnetic s t a t e s were found n o t t o be s u b s t n a t i a l l y modified i n Fe/Si0 f i l m s .
I n s t e a d t h e h y p e r f i n e f i e l d i n s i m i l a r f i l m s of Fe/MgF2 and Fe/MgO i s s l i g h t l y enhanced by 5 % . On t h e c o n t r a r y , t h e t o p l a y e r of Fe c o n t a c t i n g with Sb seems t o be m a g n e t i c a l l y dead. It i s i n t e re s t i n g t h a t t h e n e u t r o n d i f f r a ct i o n r e s u l t i s c o n s i s t e n t w i t h t h e r e s u l t s of t h e Mijsbauer
s p e c t r o s c o p y ; a n Fe l a y e r on t h e Sb s u b s t r a t e l a y e r l o s e s i t s magnetic moment. W e specu l a t e d t h e n t h a t t h e i n p l a n e c o n f i g u r a t i o n of Fe atoms i n t h i s 60 K l a y e r may be modulated from t h a t of b.c.c.Fe.
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. NOVEL FEATURE OF ARTIFICIAL MAGNETIC FTLMS A s many t h e o r i e s p r e d i c t e d , t h e magnetic p r o p e r t i e s a s w e l l a s o t h e r p h y s i c a l f e a t u r e a r e s t r o n g l y dependent on t h e d e t a i l e d environment of many t r a n s i t i o n m e t a l s . S i n c e t h e d e n s i t y of s t a t e s of d e l e c t r o n bands i s expected t o change by b r e a k i n g t h e symmetry a t t h e s u r f a c e , t h e magnetic p r o p e r t i e s may a l s o be modified s i g n i f i c a n t l y /1/.
Experimentally t h e s e ASF were found t o become e p i t a x i a l sandwich f i l m s when t h e c r y s t a l o r i e n t a t i o n i s a l l i g n e d . Brodsky e t a l . have suceeded i n growing such sandwich f i l m s and have found novel f e a t u r e s . /22,23/ For i n s t a n c e t h e y made Au-Cr-Au sandwich f i l m s d e p o s i t i n g C r on t h e Au (111) o r (100) l a y e r s . Then C r grows a s t h e f a c e c e n t e r e d i n t h e maqnetic p r o p e r t i e s i n t h e Fe/Sb i n t e r f a c e i s presumably 0 attributed t o t h e change i n t h e 1 100 200 300 atomic c o n f i g u r a t i o n o f i n t e rn f a c e Fe l a y e r s . The change i n t h e magnetic s t a t e of Fe n e a r t h e 
.ot h e m a g n e t i z a t i o n n e a r t h e i n t e rf a c e r a t h e r i n c r e a s e s , w h i l e on t h e o t h e r hand it d i m i n i s h e s r a p i d l y upon h e a t i n g t o become non f e r r o m a g n e t i c a t room temperat u r e . The experiments have n o t y e t
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.o e f f e c t s on t h e ferromagnetism i n N i . However t h e experiments of
Neutron Wave Length (n m ) n e u t r o n d i f f r a c t i o n have n o t been done u n t i l very r e c e n t l y . A l l F i g .
The f l i p p i n g r a t i o s R a s t h e r e s u l t s r e p o r t e d h e r e show t h e f u n c t i o n o f ( a ) t h e number t h e r e d u c t i o n i n t h e magneti-
of l a y e r s n and (b) t h e wave z a t i o n of N i n e a r t h e i n t e r f a c e , l e n g t h A .
I n ( b ) t h e f l i p p i n g no m a t t e r what t h e c o n t a c t i n g r a t i o i s transformed t o t h e modm a t e r i a l s a r e . i f i e d r a t i o of p. P=R-1/R+1. To conclude t h i s s e c t i o n , we
have demonstrated t h a t p o l a r i z e d n e u t r o n d i f f r a c t i o n i s u s e f u l i n t h e study of i n t e r f a c e magnetism. I n o r d e r t o compare with t h e r e s u l t s of t h e r e c e n t e l e c t r o n band t h e o r y /1/ we must accumulate more d a t a from s y s t e m a t i c s t u d i e s on d i f f e r e n t m a t e r i a l s .
cubic structure and becomes a superconductor due probably to Fe-Sb ASF the high electron density of 4.2 K states at the Fermi energy. Another example is the Ag-Pd-Ag sandwich films in which Pd was grown on Ag(100) with stretching of the lattice at the inter-A face. It seems to be equivalent 2 to applying negative pressure. V /24/ They found a tremendous increase of the susceptibility at lower temperatures due to the fact that the narrowing of the band resulted in an inz crease of electron density of states at the Fermi energy. As summarized in Table 11 and reflectivity of the surface material. 80 is the glancing angle Fig.3 (a) The calculated flipof the incident beam with the surface. ping ratio in small angle scatIf 80 is smaller than a critical tering from ideal Ni fine parangle ec, the reflectivity is unltary. ticles of radius r=100 A. The However the reflectivity drops rapsolid lines are the model where idly with increasing O0 above 8 .
surface layers have no magnetic Since nt depends on the cohereng moments while broken lines are magnetic scattering amplitude p, that of surface layers. (b) The the flipping ratio of the reflected observed flipping ratio from Ni neutrons at angles close to 0 is ultra fine particles with the extremely sensitive to the maGnetic TOP spectrometer installed at state near the surface. The accuracy the KEK pulsed spallation neumay not be clear because the surface tron facility. effect is localized in a surface layer or at least a few atomic layers from the very top, while neutrons deeply penetrate inside materials. It seems to be promising Where K, b, r are respectively, scattering vector, neutron coherent scattering amplitude and the mean radius of particles. Based on the same arguement described previously, the small angle polarized neutron scattering can detect the anomalies in the surface magnetization observing the K dependence o'f the flipping ratio. When the surface magnetization is either reduced or reversed in comparison with the bulk magnetization, the flipping ratios oscillate with respect to K, which is schematically drawn in Fig.3 together with the result of recent observations from Ni fine particles./6/ The advantage of using polarized neutrons isagain the fact that the flipping ratio is independent of the scattering contrast which is often observed in small angle scattering from liquids as the effect of density-density correlations. Furthermore, the TOF method using pulsed a polarized neutrons is feasible for such diffuse scattering observable in a wide range of the momentum space Q. In this example we found anomalous surface layers of either magnetically 'dead' or 'reversed' NiO which prevents us from definitive conclusion about the surface magnetism. the surface effect near T , where the surface effect also penetrates inside as the exponentialCform of power law in (T-Tc). Then it becomes comparable order to the depth of neutron penetration.
CONCLUSION
The surface physics itself is veryinterestingsince the symmetry breaking causes many important effects : When we are confined in the field of magnetism, the effect of surface and/or interface on magnetism can be expected to be so rich and varied that the surface becomes ferromagnetic from the nonmagnetic in the bulk material in one extreme case and vice versa in other cases. This means that it is very important to make a clear experiment to extract indispensable information about the surface effect. We emphasize again that polarized neutrons have a potential, because the results are rather straightforwardly related to the spatial distributions of magnetization density near surfaces and interfaces. As demonstrated in the present paper the results are mostly free from any disturbance of structural problems without using any specific model to extract magnetization.
